The objective of this study was to examine the applicability of the musculoskeletal model to the sit-to-stand (STS) motion, especially focusing on the time-varying muscle load of the Erector Spinae. The musculoskeletal model was previously developed in order to estimate the effect of mechanical unbalance induced by pregnancy, which was mainly due to the increase in weight of the uterus. An experiment was carried out in order to validate the musculoskeletal model. In the experiment, non-pregnant subjects wearing an artificial pregnancy jacket performed the STS motion at three speeds. The experimental and simulated results of the muscle load of the Erector Spinae were then compared. From the comparison for the time histories of the muscle load, it was found that the characteristic tendencies observed in the experimental data were also observed in the simulated data. This suggests sufficient capabilities of the developed musculoskeletal model to predict the time-varying muscle load during the STS motion. The average muscle load of the Erector Spinae during the STS motion in the artificially-pregnant condition became 11% higher than that in the non-pregnant condition both for the experiment and simulation. This consistency between the experiment and simulation suggests the sufficient quantitative capability of the developed musculoskeletal model to predict the muscle load. Through the validated musculoskeletal model, the muscle load of the Erector Spinae during the STS motion for the non-pregnant and pregnant conditions were compared. From the comparison between the non-pregnant, artificially-pregnant and pregnant conditions in the simulation for the same body motion, it was found that the muscle load of the artificially-pregnant condition was 16% higher than that of the non-pregnant condition, and the muscle load of the pregnant condition was 50% higher than that of the non-pregnant condition.
Introduction
Since a pregnant woman is temporarily subjected to abrupt changes in body weight and shape, it induces various physical problems. Lumbago is one of the most common problems. It was pointed out that 78.9% of pregnant women experienced lumbago during the pregnancy (Murai et al., 2005) . Although many reasons for lumbago during pregnancy have been pointed out, one possible reason is the increase in muscle load on the Erector Spinae, which is located in the back, due to the increase in the body weight due to the fetus (Matsuya et al., 2008) .
Various biomechanical problems related to pregnancy have been investigated in previous studies. For example, the changes in body shape (Jensen et al., 1996) , position (Tsushima et al., 1995 , Takeda et al., 2007 , walking gait (Fujita et al., 2005 , Yamamoto et al., 2004 , Aoyama et al., 2008 , Kusumoto and Nakao, 2007 , Kato et al., 2002 and daily activities (Sakakibara, 2006, Nicholls and Grieve, 1992) during pregnancy have been discussed, previously. However, the muscle load of the Erector Spinae during pregnancy has not been sufficiently investigated. One possible reason for this situation is that it is very difficult to conduct experiments using pregnant subjects. In order to quantitatively compare the results for the pregnant and non-pregnant conditions, the same subject has to attend the experiment before and after her delivery. In addition, for the quantitative discussion for the muscle load, some normalized procedure such as measurement of MVC (maximum voluntary contraction) is necessary. However, such physically hard task is not desirable for pregnant women from the ethical viewpoint.
As an alternative promising method to quantitatively investigate the muscle load, musculoskeletal simulation is recently becoming an effective tool in biomechanics. It has been applied to various fields, such as sports biomechanics, ergonomics, and rehabilitation. For a pregnant woman, Nakashima and Komura (Nakashima and Komura, 2010 ) developed a musculoskeletal model, and estimated the muscle load of the Erector Spinae for a pregnant woman in standing positions with various bending angles of the body. The aim of this model was to estimate the effect of mechanical unbalance induced by pregnancy, which was mainly due to the increase in weight of the uterus. The developed model was statistically validated by comparison with the experiment for 15 subjects. However, their analysis was confined only to the static standing condition, although their musculoskeletal model could potentially be applied to any dynamic motions. Amongst the dynamic motions performed by pregnant women, the sit-to-stand (STS) motion was focused on in this study. The STS motion is frequently performed in daily life, and the muscle load on the back is considered to be temporarily large during the STS motion. In addition, the STS motion is often used as a measure to evaluate one's physical ability (Janssen et al., 2002) . Therefore, the STS motion is a good target to be initially investigated for the muscle load of a pregnant woman.
The objective of this study was to examine the applicability of the musculoskeletal model, which was developed by Nakashima and Komura (2010) , to the STS motion, especially focusing on the time-varying muscle load of the Erector Spinae. An experiment was carried out in order to validate the model. In the experiment, non-pregnant subjects wearing an artificial pregnancy jacket performed the STS motion at three speeds. The experimental and simulated results of the muscle load were then compared. By means of the validated simulation method, the muscle load during the STS motion for the non-pregnant and pregnant conditions were compared.
Simulation method

Basic body model
For the musculoskeletal simulation in the present study, the AnyBody Modeling System (Version 5.1.0, AnyBody Technology, Aalborg), a commercially-available software for musculoskeletal analysis, was used. A basic whole body model in the repository of the AnyBody Modeling System (http://www.anyscript.org/) was utilized for the present study. This model contains 25 rigid body segments for the bones as follows: the skull, thorax (including cervical and thoracic vertebrae), right and left humeri, right and left ulnae, right and left radii, right and left hands, 1st to 5th lumbar vertebrae, pelvis, sacrum, right and left femora, right and left tibiae, right and left tali, and right and left feet. This model also contains muscles in the form of 581 wires as follows: 147 for each upper limb, 42 for each lower limb, and 203 for the trunk.
Modification to represent a pregnant woman
The musculoskeletal model of a pregnant woman was constructed by the following three modifications: (1) modification to body geometry excluding the abdomen, (2) an increase in body weight, and (3) modifications to the abdomen. The details of these modifications are described as follows. Note that these modifications were basically the same as those made in the previous study (Nakashima and Komura, 2010) . However, these were made on the newer version of the AnyBody Modeling System (version 5.1.0) in the present study, while these were made on the older version (version 2) in Nakashima and Komura (2010) .
The body geometry data of pregnant women are described in the reference (Mori and Kioka, 1994) . The body geometry data of the 38th week, that is, the final trimester of pregnancy were employed for our model since the differences between pregnant and non-pregnant women with respect to the mechanical unbalance are at a maximum at this stage. With respect to the data which are not described in the aforementioned references, the data of average Japanese women (http://www.tech.nite.go.jp/human/indexeng.html) were utilized. Based on these data, the geometric data (length and height) of body segments in the basic model were modified. Note that Jensen et al. (1996) clarified that the geometry of body segments, excluding the abdomen, hardly changes during pregnancy. Therefore, this corrected model without an increase in body weight and modification around the uterus can be regarded as the model of a non-pregnant woman. This model will be called "Non-pregnant" in the following parts of this paper. The Non-pregnant model has a height of 1.57 m and a body weight of 47.5 kg. Tsutsumi and Sadatsuki (2008) described the total amount and distribution of the increase in the body weight of Japanese pregnant women. Jensen et al. (1996) stated that the increase in body weight during pregnancy can be approximated as linear. Based on these references, the increases in the weight of the uterus, breasts, and other parts of the body in the 38th week of pregnancy were determined as 6.175 kg, 0.95 kg, and 3.325 kg, respectively. These weights were added to the Non-pregnant model. The 0.95 kg increase of the breasts was added to the thorax segments. The 3.325 kg increase of the other parts of the body was added to the segments of the abdomen, arms, and legs.
The most remarkable change in pregnancy is the enlargement of the uterus. The increase in weight of the uterus is caused by the growth of the fetus, enlargement of the uterus itself, and the increase in the amniotic fluid and the placenta. In order to represent the enlarged uterus, a segment which has a weight of 6.175 kg was added to the abdominal area. The location of its center of mass in the sagittal plane was determined by calculating the volume of the enlarged abdomen based on the assumption of uniform density. It should be noted that the shape of the enlarged abdomen was determined based on the previous study (Mori and Kioka, 1994) .
The additional segment must be connected and supported by other nearby segments. Therefore, the seven segments of thorax, pelvis and five lumbar vertebrae (L1 ~ L5) were assumed to be connected to the additional segment in the present model. However, the additional segment could not be connected to multiple segments. Therefore, seven models in which the additional segment was connected to each nearby segment were prepared. By means of these seven models, seven different results of muscle forces were obtained. In the present study, the results of the Pregnant model were assumed to be obtained by simply taking averages of the seven different results.
Accompanied by the enlargement of the uterus, the abdominal muscle paths also must change during pregnancy. The Rectus Abdominis, Transversus, Obliquus Internus and Obliquus Externus were altered based on the abdomen shape shown in reference (Mori and Kioka, 1994) . These modifications are shown in Fig 
Muscle recruitment algorithm
For musculoskeletal analysis, the distribution of muscle recruitment has to be determined based on some algorithm since the musculoskeletal system is highly redundant. In the present study, the distribution was determined by means of an optimizing calculation so that the sum of the squares of the muscle stresses (muscle forces divided by cross sectional areas) was minimized.
Experimental Method
Subjects
In order to validate the simulation method, an experiment using subjects was carried out. Two female non-pregnant subjects were recruited for the experiment. The age, stature and body weight of Subject A were 20 years old, 1.52 m, and 53.4 kg, respectively. Those of Subject B were 25 years old, 1.60 m and 49.7 kg, respectively. Both subjects were healthy and did not previously have any serious back-related diseases. Before the experiment, the objective and method of the experiment were sufficiently explained to the subjects and their consents were obtained. This experiment was approved by the ethics committee of Tokyo Institute of Technology. It should be noted that this experiment was not aimed at providing general trends based on the statistical analysis, but aimed at comparing time-varying muscle loads between simulation and experiment for particular cases in detail.
In order to simulate the pregnant condition with a non-pregnant woman, the "artificial pregnancy jacket" was produced and utilized for the experiment. The artificial pregnancy jacket is shown in Fig. 3(a) . Since the center part had a pouch structure with a zipper, weights could be stored in it. The jacket could be firmly attached to the subjects by belts with Velcro. A photographed subject with the jacket is shown in Fig. 3(b) . Several weights to be stored in the jacket, which were made of clay, were prepared in order to adjust the total weight. The total weight in the jacket was adjusted according to the body weight of the subjects.
Measurements
An optical motion capture system (MAC 3D System, Motion Analysis Corp., USA) was used to measure the STS motions by the subjects. Ten infrared cameras with a frame rate of 250 frames/s were installed in an experimental room. Forty-three infrared reflective markers were attached to the anatomical landmarks of the subjects as shown in Fig. 3(b) .
The ground reaction forces during the STS motions by the subjects were measured by three ground reaction force sensors. The three sensors were installed under the chair on which the subjects sat, and under the right and left feet, so that the three forces from the chair, the right foot and left foot to the ground were measured separately.
The surface electromyogram (EMG) at the right and left Erector Spinae during the STS motions were measured by an EMG measurement system (BioLog DL-5000 and DL-500, S&ME inc., Japan). For the right Erector Spinae, for example, two surface electrodes were attached to the skin surface just to the right of vertebrae L3 and L4, under which the right Erector Spinae was located. Another set of two electrodes were attached on the other side for the left Erector 
Trials and post data processing
The subjects were asked to perform the STS motions at three speeds. A metronome was utilized in order to regulate the motion speed. First, the subject was asked to perform the STS motion at a comfortable speed without the artificial pregnancy jacket. Then the tempo of the metronome was adjusted so that the period of the STS motion became the period of three beats. This speed was defined as "comfortable". At other speeds, the subject was asked to perform the STS motions during two and five beats for the same tempo of the metronome. These were defined as "fast" and "slow", respectively. Therefore, the speeds of the STS motions of the fast and slow trials became 1.5 (3/2) and 0.6 (3/5) times of the comfortable speed, respectively. Finally the subject was asked to perform the STS motions for these three speeds wearing the artificial pregnancy jacket with or without the weight. Therefore, there was a total of six trials (three speeds, with/without the weight). The subject were also asked to let their arms hang naturally and not to use their hands to stand up. An example of the filmed STS motion is shown in Fig. 5 .
The obtained EMG raw data were filtered by a 20-500 Hz band-pass filter first. The filtered data were then rectified by taking their absolute values, and filtered again by a 2.5 Hz low-pass filter. Note that it was unnecessary to normalize the EMG signals by a MVC (maximum voluntary contraction) trial in the present experiment. This was because the signals of Non-pregnant and Artificially-pregnant conditions could be compared directly without the normalization, since the signals of two conditions were measured successively in the present experiment. The obtained three dimensional coordinates of the markers were first filtered by a 10 Hz low-pass filter. From the coordinates, the joint angles for the whole body were calculated. The obtained ground reaction forces were filtered by a 10 Hz low-pass filter.
Modification of the simulation model to reproduce the experimental condition
The developed musculoskeletal model described in Section 2 was modified to reproduce the experimental condition. In the experiment, non-pregnant subjects wore the artificial pregnancy jacket. This situation was different from the actual pregnancy especially in the abdominal muscle paths. Therefore, a musculoskeletal model was created to reproduce the experiment. In this model (called as the "Artificially-pregnant model"), the abdominal muscle paths were unchanged from the Non-pregnant model. The additional increases in the body weight at the breasts and the other parts were also not added. Therefore, only the additional weight at the abdomen, which was 6.175 kg in the original Pregnant model, was added to the Non-pregnant model. In addition to this modification, the lengths of body segments were adjusted to each subject using the measured values calculated from the distances between the markers. The value of the additional weight at the abdomen was also adjusted to each subject according to the measured actual body weight of the subject. An example of the Artificially-pregnant model is shown in Fig. 6 . It can be seen that the abdominal muscles are not curved along the enlarged uterus, and instead penetrate it. This penetration did not induce any problem in the actual calculation since the surface of the sphere representing the additional segment is only virtual one. In the experiment, the additional segment was imitated by the weight in the jacket and its shape was not the same as the sphere in Fig. 6. 
Results and Discussion
Comparison between simulation and experiment
In the simulation reproduction of the experiment, the STS motions and the ground reaction forces measured in the experiment were put into the Artificially-pregnant model as well as the Non-pregnant model, which were adjusted to each subject as described above. Image sequences of the simulation for the three speeds in the case of Subject B are shown in Fig. 7 . From these images, it was found that the subject completed the STS motion earlier at the faster speed. It was also found that the maximum lean angle of the trunk (it can be observed when t = 1.4 s for the slow speed, for example) became larger for the slower speed.
The simulated and experimental muscle loads during the STS motion at the left Erector Spinae for the Subject B are shown in Fig. 8 . The muscle loads in the simulation were calculated as the muscle forces of the Erector Spinae, while those in the experiment were calculated as the EMG. In both the simulation and experiment, the muscle loads were normalized by the peak values of the comfortable speed, respectively. From the experimental results shown in the figures to the left, it was found that the slower STS motion made the duration of the muscle load longer. In the fast speed ( Fig. 8(a) ), the muscle load rapidly decayed just after the peak around 1.3 s both for the Non-pregnant and Artificially-pregnant conditions. In the slow speed (Fig. 8(e) ), the increase in the muscle load continued until around 4 s both for the Non-pregnant and Artificially-pregnant conditions. In addition, the peak value of the Non-pregnant condition became slightly larger than that of the Artificially-pregnant condition. From the simulated results shown in the figures to the right, it was found that all the above-mentioned tendencies in the experiment were also observed in the simulation. This suggests the sufficient capability of the developed simulation method to predict the time-varying © 2014 The Japan Society of Mechanical Engineers [DOI: 10.1299/jbse.14-00035] t = 0 t = 1.0 t = 1.2 t = 1.4 t = 1.6 t = 1.8 t = 2.0 t = 2.2 t = 2.4 t =2.6 t =2.8 t =3.0 t =3.2 t =3.4 t =3.6 t =3.8 t =4.0 (a) Fast muscle load during the STS motion. From these graphs, it was difficult to discuss the magnitude relation between the Non-pregnant and Artificially-pregnant conditions. Therefore, a time-average of the muscle load during the STS motion was calculated for each trial. The time intervals of the averages were determined by examining the simulated and experimental results. The start time of the intervals was determined as 0.5 s for all trials. The end times were determined as 2.0 s, 2.4 s and 3.0 s for the fast, comfortable and slow speeds of Subject A, respectively. For Subject B, the end times were determined as 2.8 s, 3.3 s and 4.1 s, respectively. Each end time was determined as the time when one of the two values of the Artificially-pregnant and Non-pregnant conditions in the simulation became 7% higher than the value of 1 second later. In addition, a ratio of the averages for the Artificially-pregnant condition to that for the Non-pregnant condition was calculated for each trial. The results are shown in Table 1 . One value in a column is an average of four values (two muscle loads of right and left Erector Spinae for two subjects). The reason for taking averages of the data for two subjects was to examine the overall tendency. The reason for taking averages of the data for right and left sides was that the data for one side were not perfectly the same as those for the other side. Any significant tendency in terms of the motion speed could not be found for either the experiment or the simulation. The overall average for all the motion speeds was 1.11 (11% higher) both for the experiment and simulation. This consistency between the experiment and simulation indicates the sufficient quantitative capability of the developed simulation method to predict the muscle load.
Comparison among Non-pregnant, Artificially-pregnant and Pregnant conditions
The simulated results of Non-pregnant, Artificially-pregnant and Pregnant conditions were compared. In this comparison, the same STS motions of the Artificially-pregnant condition in the experiment were consistently put into the three different musculoskeletal models in order to quantitatively examine the effect of the difference in the models. The simulated results of the normalized muscle loads are shown in Fig. 9 . In these graphs, an average for the right and 
(e) Slow (subject A) (f) Slow (subject B) Fig. 9 Normalized muscle loads of Erector Spinae.
left Erector Spinae was taken for each trial. It was found that the muscle loads of the Artificially-pregnant condition were always slightly higher than those of the Non-pregnant condition. In the results of the previous section shown in Fig. 8 , the muscle load of the Non-pregnant condition sometimes became higher than that of the Artificially-pregnant condition (for example, t = 1.8 s in Fig. 8(f) ), although this did not happen in Fig. 9 . This was because the STS motions of the Non-pregnant condition in Fig. 8 were different from those of the Artificially-pregnant condition, while the same STS motions were put into the simulation for Fig. 9 . With respect to the Pregnant condition in Fig. 9 , the muscle loads were considerably higher than those of the Artificially-pregnant condition. Note that the peak shapes of the muscle load curves of the Pregnant condition in Fig. 9 (a)(b)(c)(e) became sharply pointed. Also, there were small projections at the peaks of the Non-pregnant condition in Fig. 9(b) and Artificially-pregnant in Fig. 9 (e), as well as the Pregnant condition in Fig. 9 (f) at t = 3.2 s. These sharp peaks and projections are considered to be induced by sudden "switching" of the recruited muscles, which is sometimes seen in the musculoskeletal simulation. Generally, multiple muscles are recruited to produce the necessary joint torque in the musculoskeletal simulation. In the case where two different muscles contribute to the joint torque equally, slight change in the condition result in switching of the recruited muscles from one to another. This switching makes sudden change in the muscle force. In order to quantitatively examine the difference in the muscle load, time averages during the STS motions were again calculated. The same time intervals as those used in the previous section were also used for this calculation, and the results are shown in Table 2 . The values in the table are the ratios to the time averages of the Non-pregnant condition. No significant tendency could be seen with respect to the motion speed. The averages of the values for six trials and the standard deviations are shown in the last two lines of the table. It was found that the muscle load of the Artificially-pregnant condition was 16% higher than that of the Non-pregnant condition, and the muscle load of the Pregnant condition was 50% higher than that of the Non-pregnant condition. One possible reason for this difference between the Artificially-pregnant and Pregnant conditions was the difference in the paths of the abdominal muscles, since the abdominal muscle paths had to be curved in the Pregnant condition due to the enlarged uterus. This situation is schematically shown in Fig. 10 . The tension by the abdominal muscles balances with that by the Erector Spinae for the moment rotating the trunk about the pelvis. In the Non-pregnant condition, the moment arm of the tension by the abdominal muscles is small. In the Pregnant condition, however, the moment arm becomes very large since the direction of the tension changes due to the change in the muscle paths. Therefore, the moment of the tension by the abdominal muscles becomes large as well. To balance with this increased moment, the tension by the Erector Spinae had to be enlarged.
Finally, the limitations of the present musculoskeletal model and its results have to be addressed. First, the muscle load for the Pregnant and Artificially-pregnant models were calculated by simply taking averages of the seven results obtained in the seven models, which had different connecting points with the additional abdominal segment, as described in the section 2.2. In the results of the present study, the seven results had about 30% variety, although the trends did not change much for the same trial. Since this variety was not sufficiently small, it will be a future task to find more appropriate weighting method of the seven results. Second, the number of subjects in the present experiment was two. Apparently this was not sufficient to find general trends based on the statistical analysis. Therefore, the results obtained in the present analysis cannot be generalized and it is better to consider those as just a few examples. The results will change according to various factors, such as the size of the chair and subject as well as the position of the subject. Therefore, an experiment using many more subjects will be necessary in order to derive general trends from the statistical analysis. However, such discussion was beyond the scope of the present study, since the aim of the present experiment was to compare time-varying muscle loads between simulation and experiment for particular cases in detail, as previously stated. Third, it is possible that our musculoskeletal model is not sufficient to represent an actual pregnant woman although it is sufficient to represent a woman wearing the artificial pregnancy jacket. In other words, there may still be some differences between them, besides the paths of the abdominal muscles. One possible factor is the intra-abdominal pressure. Although the intra-abdominal pressure was taken into account in the musculoskeletal model, it is possible that the intra-abdominal pressure of an actual pregnant woman is significantly different from that of a non-pregnant woman. In addition, there may be some special changes in the body condition at the final stage of pregnancy in order to prevent a premature delivery. The muscle recruitment algorithm of a pregnant woman may also be different from that of a non-pregnant woman. These factors should be considered in the future study. However, the present study is still significant because the mechanical unbalance, which was focused in the present study, is certainly an important factor to represent a pregnant woman, and because this is the first time that the muscle load of a pregnant woman during the STS motion was investigated by means of the musculoskeletal simulation.
Conclusions
In this study, the musculoskeletal model of a pregnant woman was developed and an experiment was carried out in order to validate the developed model. In the experiment, non-pregnant subjects wearing an artificial pregnancy jacket performed the STS motion at three speeds. Through the validated musculoskeletal model, the muscle load of the Erector Spinae during the STS motion for the non-pregnant and pregnant conditions were compared. The findings are summarized as follows:
( 1 ) From the comparison between the simulated and experimental results for the time histories of the muscle load of the Erector Spinae, it was found that the characteristic tendencies observed in the experimental data were also observed in the simulated data. This suggests the sufficient capability of the developed musculoskeletal model to predict the time-varying muscle load during the STS motion.
( 2 ) The average muscle load of the Erector Spinae during the STS motion in the artificially-pregnant condition became 11% higher than that in the non-pregnant condition both for the experiment and simulation. This consistency between the experiment and simulation suggests the sufficient quantitative capability of the developed musculoskeletal model to predict the muscle load.
( 3 ) From the comparison among the non-pregnant, artificially-pregnant and pregnant conditions in the simulation for the same body motion, it was found that the muscle load of the Erector Spinae in the artificially-pregnant condition was 16% higher than that in the non-pregnant condition, and the muscle load in the pregnant condition was 50% higher than that in the non-pregnant condition. One possible reason for this difference between the artificially-pregnant and pregnant conditions was the difference in the paths of the abdominal muscles. Since these results were obtained for the experiment with two subjects, it will be necessary to conduct an experiment with many more subjects in order to generalize the results.
